2 ] during 32 transitions from NREM stages N2 to N3. GG but not TP activity increased following transition into N3 sleep, and the increase was positively correlated with more negative airway pressure, increased end-tidal CO 2, increased peak inspiratory flow, and increased minute ventilation. None of these correlations was statistically significant for TP. Complementary GG and TP single motor unit analysis revealed a mild recruitment of GG units and derecruitment of TP units during the N2 to N3 transitions. These findings suggest that, in healthy individuals, the increased GG activity during SWS is driven primarily by reflex stimulation of airway mechanoreceptors and central chemoreceptors.
NEW & NOTEWORTHY
The characteristic increase in the activity of the upper airway dilator muscle genioglossus during slow-wave sleep (SWS) in young healthy individuals was found to be related to increased stimulation of airway mechanoreceptors and central chemoreceptors. No evidence was found for the presence of a central SWS-specific drive stimulating genioglossus activity in young healthy individuals. However, it remains to be determined whether a central drive exists in obstructive sleep apnea patients.
slow-wave sleep; upper airway muscles; genioglossus; tensor palatini; non-rapid eye movement sleep OBSTRUCTIVE SLEEP APNEA (OSA) is a prevalent disorder with associated cardiometabolic, behavioral, and cognitive consequences (8, 9, 19, 31) . Continuous positive airway pressure is an effective treatment (8) , but it is not consistently well tolerated, and adherence rates are not satisfactory (14) , which motivates the search for new treatment modalities. An improved understanding of physiological mechanisms that can protect the upper airway against collapse may lead to development of alternative treatments for OSA.
In OSA patients, the frequency of airway occlusions during non-rapid eye movement (NREM) sleep is often lower during the deeper stage N3 [slow-wave sleep (SWS)] than during the lighter stage N2 (7, 25, 42) . Consistent with these observations, the compound activity [multiunit integrated electromyogram (EMG)] of the upper airway muscle genioglossus (GG) has been reported to be elevated during stage N3 in healthy individuals (3) and OSA patients (13) , and the activity of individual inspiratory-modulated GG motor units is higher during stage N3 than during the adjacent stage N2 epochs of NREM sleep (21) . These observations have led to studies designed to increase stage N3 sleep (28, 37) .
The increased upper airway muscle tone during stage N3 could be driven by reflex activation due to more negative upper airway pressure (negative pressure reflex) and the resulting stronger stimulation of upper airway mechanoreceptors, by an increased chemical drive for breathing due to increased CO 2 (CO 2 reflex drive), or by a central sleep-related drive specific for the state of SWS (central SWS-specific drive). Each of these mechanisms has been proposed to be functional in upper airway control during sleep and wakefulness in both basic animal models (15, 30) and human subjects (4, 5, 11, 16, 17, 20, 29, 34, 38) . With regard to mechanoreceptor reflexes, in healthy persons GG has a stronger relationship with upper airway negative pressure than tensor palatini (TP) (18) , although both have reduced responsiveness to upper airway negative pressure during NREM sleep when compared with quiet wakefulness (11, 38, 39) . However, a direct comparison of the magnitude of these reflexes between stages N2 and N3 of NREM sleep has not been conducted. Also, importantly, in the studies reporting an improved airway patency and increased upper airway muscle tone during deep SWS when compared with lighter stages of NREM sleep (3, 7, 13, 21, 25) , no definitive conclusions were reached as to the underlying mechanisms relating the changes in upper airway muscle activity to the changes in such key mechanical and chemical stimuli as upper airway pressure, tidal volume, or systemic CO 2 .
In the current study, we quantified the activity of two upper airway muscles, GG and TP, during adjacent epochs of stage N2 and N3 of NREM sleep and related their changes between the two states to the changes in upper airway pressure and end-tidal CO 2 . We elected to study GG and TP concurrently because, in humans, activities of these two muscles differ in the contribution of inspiratory drive to their overall activity. Specifically, whereas GG typically exhibits both tonic activity and a prominent inspiratory modulation, the TP is predominantly tonic with a relatively weak inspiratory component (32, 33) . We hypothesized that this difference between the two muscles would be associated with a stronger correlation between changes in upper airway muscle activity and changes in reflex respiratory stimuli during N2 to N3 state transitions for GG than for TP. This finding, in turn, we hypothesized, would help identify distinct contributions of central and/or reflex respiratory drives to the control of upper airway muscle activity during deep NREM sleep.
METHODS
Subjects. Subjects were recruited via advertisements around the University of Melbourne and by word of mouth. Male subjects were used, as an earlier study had demonstrated greater between-subject variability in airway resistance during sleep in males when compared with females, facilitating correlation analyses (35) . All subjects completed a screening questionnaire that assessed basic demographic and health information and were excluded if they had medical conditions that would have made it inappropriate for them to participate or were likely to affect the results. Sleep-related respiratory disorders were not screened for, although the age and body weight of the group were not consistent with OSA, and only mild flow limitation was observed in some subjects during the study (see further comment below). The 49 subjects who completed the study had a mean age of 20.7 Ϯ 2.5 yr (SD) and a mean body mass index of 22.5 Ϯ 1.8. (kg/m 2 ) The study conformed to the Declaration of Helsinki and was approved by the Human Research Ethics Committee of the University of Melbourne. All subjects provided written informed consent and were paid $100 (Australian) for each recording session. Other data from a subset of nine subjects (23) and from all 49 subjects (36) have been published previously.
Data collection environment. Data were collected in the Sleep Laboratory at the School of Psychological Sciences, University of Melbourne, during one or two nighttime experimental sessions. Subjects were requested to refrain from consuming alcohol or caffeine for the day and evening immediately before experimental sessions and from consuming food for 4 h before coming to the laboratory. Subjects arrived at the laboratory at~2100, the recording devices were attached, and recording commenced at~2300 and continued for approximately 5 h. Subjects were studied in the supine position, which was effectively maintained by the constraints of the equipment.
Two electroencephalograms (EEG; C3 to A2 and O1 to A2), left and right electrooculograms (EOGs), and submental EMGs were recorded to identify sleep and its stages according to the standard criteria (12) . The subjects wore full face masks (type 431; Fisher & Paykel, Auckland, New Zealand) equipped with two-way breathing valves (2600 medium; Hans Rudolph, Kansas City, MO), and a calibrated pneumotachograph (series 3710; Hans Rudolph) was placed between the mask and the valve. When attached, the mask, valve, and flow transducer had a combined dead space of~163 ml. Airway pressure was monitored in the mask with an open-ended catheter attached to a pressure transducer and also in the airway at the level of the epiglottis using a pressure-tipped catheter (MPC-500; Millar, Houston, TX) inserted via one nostril. End-tidal CO 2 (PET CO 2 )was measured by sampling air in the mask (Ametek CO2 analyzer CD-3A; Ametek, Berwyn, PA). The pressure, flow, and PET CO 2 signals were recorded as DC signals with a 15-Hz low-pass filter and amplified using carrier amplifier-demodulators (Validyne, Northridge, CA, or Grass Telefactor, West Warwick, RI). Tidal volume was computed online by integrating the airflow signal. Upper airway muscle activity was recorded using custom-made monopolar, intramuscular, stainless-steel, Teflon coated, fine-wire hook electrodes (no. 790600; AM Systems). Electrode diameter was 50.8 m bare and 114.3 m coated, with 0.5 mm of the tip exposed. Intramuscular electrodes were referenced to a surface electrode positioned over the bony mandible. The signals were digitized and acquired using a Cambridge Electronics 1401 interface and Spike-2 software (Cambridge Electronics Design, Cambridge, UK). All pressure, flow, and volume signals as well as EEG and EOG signals were digitized at the rate of 100 Hz. EMG recordings were filtered at 0.03-3 kHz and digitized at 10 kHz.
Two electrodes were inserted bilaterally (1 left and 1 right) into TP via a 25-gauge hypodermic needle. The needle was bent in the middle at an angle of~30°. To insert the electrode, the tip of the pterygoid hamulus was located via palpation at the junction of the hard and soft palate and the tissue topically anesthetized (lidocaine HCl gel). The needle was then inserted at a 45°angle along the lateral surface of the medial pterygoid plate to a depth of 10 -15 mm into the soft palate.
The procedures used to record GG EMG activity followed those of Eastwood et al. (6) . Two wire electrodes were inserted using 25-gauge hypodermic needles to a depth of 2.4 cm from the surface of the skin, using a percutaneous approach. Previous studies using ultrasound to identify the location of the GG indicated that at this depth the electrode consistently entered the muscle (6, 26, 40) . For each subject, either left anterior and right posterior or right anterior and left posterior positions were used for the two electrodes, with electrodes placed~3 mm lateral on each side of the midline and~10 and~20 mm from the inferior margin of the mandible. Locations of the electrodes were confirmed by a number of respiratory maneuvers (sniffs, swallows, pressure of the tongue on the back of the teeth, and deep breaths) (27, 32) .
Selection of stage N2 and N3 recording epochs for analysis. The selection of N2 and N3 epochs is illustrated in Fig. 1 . For pairwise comparisons, 30-s-long segments (epochs) of recordings representing N2 and N3 stages of NREM sleep were selected from the second minute of stage N2 and from the sixth min of the following stage N3 of NREM sleep. If the N3 duration was less than 6 min the last 30 s epoch was used for analysis. It was required that stage N2 and N3 epochs along with the sleep in-between were free of movement artefacts, microarousals, brief awakenings, and any other discontinuities that could be reflected in unstable sleep or respiration or potentially result in a movement of the recording electrodes within the muscles. Thus, sleep at the beginning (stage N2), during, or at the end (stage N3) of the transition was highly stable, with the exception of the development of EEG ␦-activity, which defined SWS (stage N3). Recordings were also excluded as not technically valid if the epiglottic pressure, airflow, or CO2 recordings were distorted or discontinuous during or between the compared segments of recording. Furthermore, all breaths in which there was visual evidence of distorted air flow in the recording were removed from the analysis. However, stage N2 and N3 epochs showing mild and stable inspiratory flow limitation (IFL) were not discarded, and as such IFLs were considered to reflect normal sleep-related airway closure and thus to be pertinent to our hypotheses. Out of 32 transitions, four showed mild IFL during both stage N2 and N3 epochs, whereas six developed IFL in stage N3. Figure 1 illustrates the recordings used to analyze respiratory and EMG activities during a transition from N2 to N3 stage of NREM sleep. The trace also illustrates that even the most severe IFL observed in the study was quite minimal.
Postacquisition signal processing and analysis. Respiratory parameters, such as the airway pressures, flow, and volume, were measured within the selected N2 and N3 epochs using a custom-made script running in Spike-2 software. The decisions of the respiratory cycle detection algorithm were visually checked and edited where necessary. Breath-by-breath values for a range of respiratory measures, as listed in Table 1 , were calculated and then averaged within each epoch.
For each N2 and N3 epoch, the overall level of muscle activity was quantified as the average EMG action potential (spike) frequency, which was measured as the frequency of those spikes in the EMG trace that exceeded a preset threshold voltage (this measurement assesses multiunit activity and is referred to here as the compound spike density to distinguish it from the discharge frequency of single motor units). The threshold was set at twice the voltage level of background noise; across all analyzed records it averaged 68.3 Ϯ 26.5 V (SD). Thresholds established for the N2 epoch remained the same for the subsequent N3 epoch in the analyzed pair of epochs. Mean compound spike densities were separately calculated for inspiration, expiration, total respiratory cycle, and the difference between inspiration and expiration. Transitions in which no suprathreshold EMG activity was present during both N2 and N3 epochs were not analyzed.
Recordings from the epochs selected for analysis of compound spike density were inspected to identify those containing one or more single motor units whose spikes could be isolated (decomposed) by means of an amplitude and pattern discrimination script available in Spike-2 software. Secondary software was then used to inspect and edit the initial classification of spikes on a spike-by-spike basis (software courtesy of Neuroscience Research Australia, Sydney, NSW, Australia). For a final verification that the spikes had been appropriately sorted, large (Ϯ40%) breath-by-breath changes in the instantaneous spike frequency of a sorted motor unit were identified. Such changes typically occur as a result of an incorrect inclusion or omission of a spike in a motor unit spike train. If Ͼ5% of these events could not be satisfactorily accounted for, the motor unit was excluded from the analysis (41) .
The classification of motor units into different discharge patterns was determined through visual inspection of the instantaneous discharge frequency for each single motor unit relative to the airway pressure and flow signals. To ensure that motor units identified in each To allow for visually adequate expansion, the highlighted segments are~20 s rather than the 30-s-long epochs that were used for analysis in this study. The signals shown are as follows: lead C3 to A2 of the electroencephalogram (EEG), CO2, epiglottic pressure (PEPI) -epiglottic pressure, flow -airway air flow, and the raw electromyograms (EMGs) recorded from the genioglossus (GG) and tensor palatini (TP). In this subject, there was evidence of flow limitation whose magnitude was larger than in other subjects enrolled in this study and thus represents a "worst case scenario."
N2-N3 pair of epochs selected for analysis represented the same motor unit, each motor unit was visually tracked over the entire interval between the analyzed N2 and N3 epochs. Three of the previously reported discharge patterns (22, 26) were identified and analyzed: inspiratory phasic (IP) units that showed peak activity during inspiration and had a minimum firing frequency of Ͻ 2.0 Hz during expiration (i.e., were silent for Ͼ 500 ms), inspiratory tonic (IT) units that showed peak activity during inspiration and maintained a discharge rate Ͼ2.0 Hz throughout the respiratory cycle, and tonic (TT) units that were fired throughout the respiratory cycle, with no evidence of respiratory modulation. Statistical analyses. Four sets of analyses were conducted. First, changes in respiratory parameters associated with the transitions from N2 to N3 epochs were assessed by paired t-tests. N2 and N3 values were averaged over all analyzed transitions within subjects, with subjects being used as replications.
Second, compound spike density values for inspiration, expiration, total respiratory cycle, and the inspiratory/expiratory difference were calculated for each N2 and N3 epoch. When satisfactory EMG recordings were available for an N2-N3 transition for both electrodes placed in the same muscle (e.g., both GG electrodes), values for the two recordings were averaged and then averaged again over multiple N2 to N3 transitions within a subject. In this analysis, subjects were used as replications. Values were statistically assessed using a two (respiratory phase: inspiration vs. expiration) by two (sleep stage: N2 vs. N3) by two (muscle: GG vs. TP) ANOVA with muscle activities treated as independent variables and respiratory phase and sleep stage as repeated measures. In addition, the change from N2 to N3 was separately assessed for GG and TP at each respiratory phase by paired t-tests. For statistical analyses, because N2 inspiratory spike density values were not normally distributed, they were normalized using a natural log transformation.
In the third set of analyses, the magnitude of difference in each muscle's activity (compound spike density) between stages N2 and N3 was correlated with the magnitude of the difference in respiratory parameters detected during each transition. When two EMG recordings were available for a muscle within a transition, their values were averaged before being entered into analyses. Because hypotheses referred to the relationship between changes in respiratory and muscle activity over transitions, transitions were treated as separate replications. However, because this could be interpreted as inflating the degrees of freedom, analyses were also conducted using subjects as replications.
Finally, the N2 to N3 changes in the discharge rates for the single motor units that were active in both sleep states were compared using paired t-tests.
RESULTS
Of the 49 subjects, 16 achieved N3 sleep and generated a total of 32 N2 to N3 transitions, which met our inclusion criteria (average of 2.0 transitions/subject). The two GG electrodes inserted into each subject provided 46 valid GG recordings (46 out of a potential 64), with all subjects having at least one valid recording (average of 2.9/subject). The two TP electrodes provided 38 valid TP recordings (38 out of a potential 64), with 14 subjects having at least one valid recording (average of 2.4/subject). Thus, 14 subjects provided both GG and TP data, whereas two provided only GG data; removal of the data from the latter two subjects did not change the results.
Respiratory parameters during stages N2 and N3 of NREM sleep. As indicated in Table 1 , stage N3 was associated with a greater nadir of epiglottic negative (inspiratory) airway pressure (P EPI ) than N2. PET CO 2 was significantly higher in stage N3 than in N2. Negative airway pressure and instantaneous airway resistance measured at a flow rate of 200 ml/s exhibited a similar trend, but the mean N2 to N3 differences were not statistically significant. No other respiratory parameters were significantly different between the two sleep stages.
Compound GG and TP spike density during stages N2 and N3 of NREM sleep. The average compound spike density values for GG and TP during inspiration and expiration, across the entire respiratory cycle, and for the inspiratory/expiratory difference across all subjects are presented in Table 2 . For all available GG and TP measurements combined, muscle activity was higher during inspiration than expiration [significant main effect of respiratory phase, F(1,28) ϭ 21.9, P Ͻ 0.001], with a tendency for the difference to be greater for GG than TP [2-way interaction effect between muscle type and respiratory phase approached significance, F(1,28) ϭ 4.13, P ϭ 0.052]. For both muscles combined, activity did not differ between sleep stages [nonsignificant main effect of sleep stage, F(1,28) ϭ 0.06, P ϭ 0.831]. However, spike density was greater during N3 than N2 for GG, but not for TP, as indicated N2 and N3 values are means (SD) and were initially averaged within subjects (average of 2 transitions/subject) and then across subjects (n ϭ 16); N2 and N3 are stages 2 and 3 of non-rapid eye movement (NREM) sleep, respectively. Nadir PEPI, most negative epiglottic pressure; PET CO 2 , partial end-tidal CO2; PEPI200, epiglottic pressure at the flow rate of 200 ml/s; Rua200, airway resistance at the flow rate of 200 ml/s; PIF, peak inspiratory flow; Vt, tidal volume; Vi, minute ventilation; Ti, inspiratory duration; Te, expiratory duration; Ttot, total respiratory cycle duration. P values are significance levels (based on paired comparisons). When variables were not normally distributed, statistical analysis was conducted on log-transformed data sets, although the Table 3 . For GG, increases in negative airway pressure (nadir P EPI ), PET CO 2 , peak inspiratory flow (PIF), and minute ventilation (Vi) were positively correlated with increases in inspiratory GG activity over transitions (negative correlation for nadir P EPI ). Of interest is that the fall in nadir P EPI remained significantly correlated with the rise in GG when the 10 transitions with IFL during N3 were removed (r ϭ 0.51, P Ͻ 0.05). Although correlation values increased for nadir P EPI , PET CO 2 , and PIF when analyses were based on subjects, due to the reduced degrees of freedom, only nadir P EPI remained significant, whereas PET CO 2 was close to being significant (r ϭ 0.48, P ϭ 0.0505). It is of note that Vi and PIF were positively correlated with GG activity over transitions despite there not being a change in their mean values during transitions, suggesting that Vi and PIF tended to increase with large increases in GG but decrease with small increases in GG and thus did not have a significant change in mean value (Table 1) . For GG activity during expiration, only changes in the nadir of P EPI over transitions showed a significant relationship with changes in GG activity. The scatter plots showing the relationships between changes in inspiratory GG compound spike density during N2 to N3 transitions and both P EPI and PET CO 2 are illustrated in Fig. 2, A and B , respectively. Although it might appear that the presence of significant correlations was strongly influenced by one data point located far to the right in these two plots, when this data point was removed, the correlation coefficient for the nadir of P EPI increased from Ϫ0.49 to Ϫ0.60, whereas that for PET CO 2 was essentially unchanged (0.39 rather than 0.40).
In contrast to GG, changes in TP activity associated with stage N2 to N3 transitions were not significantly correlated with any of the respiratory parameters (Table 3) .
Multiple regression analyses of the transition-based data, in which variables were entered according to the strength of their correlation coefficients, indicated that for GG inspiratory activity, both Vi and PET CO 2 significantly increased the amount of variance accounted for by P EPI (P ϭ 0.023 and P ϭ 0.037, respectively, accounting for 46% of the variance). In contrast, for changes in GG expiratory and TP inspiratory and expiratory activities, the addition of these variables had no effect.
The scatter plots showing the relationships between the nadir of P EPI and PET CO 2 on the one hand and Vi and PET CO 2 on the other hand are shown in Fig. 3, A and B , respectively. Neither of these relationships was significant.
Single motor unit activity. Twenty-nine GG and 11 TP single motor units were active during both the N2 and N3 stages and were available for analysis of changes in their activity during the N2 to N3 transitions. For GG, nine were IP, 19 were IT, and one was tonic. For TP, the corresponding counts were two, seven, and two, respectively. The discharge rate characteristics for all inspiratory-modulated units recorded from both muscles are presented in Table 4 . Although there was a tendency for discharge rates to be higher during stage N3 than N2 for IP units in both muscles, the differences were not significant within any one muscle. Similarly, the N2 to N3 difference in activity was not significant when the tonic and phasic discharge patterns were combined within a muscle or when single motor unit data from both muscles were combined (all P Ͼ 0.05).
Six additional GG motor units that were silent during stage N2 were recruited during the N2 to N3 transitions, and one unit that was active during N2 became silent before entry into stage N3 (derecruitment). In contrast, five TP motor units active during N2 were derecruited before stage N3, and only one was recruited. Chi-square analyses indicated that the difference in the distribution of recruited vs. derecruited units between the two muscles was significant (6 vs. 1 compared with 1 vs. 5, P Ͻ 0.01). However, the number of active units during N2 compared with N3 for each muscle did not change significantly for either muscle [30 (N2) vs. 35 (N3) for GG and 12 vs. 7 for TP, P Ͼ 0.05]. *P Ͻ 0.05 and **P Ͻ 0.01, significant correlations between respiratory parameters and compound muscle electromyogram.
DISCUSSION
We evaluated the relationship between changes in the activity of two upper airway muscles, GG and TP, and changes in respiratory parameters during the transition from stage N2 to stage N3 of NREM sleep in healthy, young, male sleepers. Our aim was to test the hypothesis that upper airway muscle activity is elevated during N3 sleep independently of an increase in reflex drives for breathing derived from airway mechanoreceptors and/or chemoreceptors, thus supporting the presence of a central SWS-specific drive to the muscles. To address this issue, we assessed concurrently occurring changes in the respiratory parameters PET CO 2 , PIF, P EPI , epiglottic pressure at the flow rate of 200 ml/s, airway resistance at the flow rate of 200 ml/s, tidal volume, minute ventilation, inspiratory duration, expiratory duration, and total respiratory cycle duration and in GG and TP muscle activities. When analyzing changes within transitions, we found significantly higher negative peak inspiratory epiglottic pressure and PET CO 2 during stage N3 than stage N2. We also found positive relationships between increases in peak negative inspiratory epiglottic pressure, PET CO 2 , Vi, and PIF and increases in inspiratory GG activity. Furthermore, Vi and PET CO 2 significantly added to the variance accounted for by negative airway pressure, with the three variables accounting for 46% of the variance. When analyses were repeated using subjects as replications, each of these relationships tended to account for more of the variance, although due to the reduced number of replications only nadir P EPI was significant.
These findings are consistent with the increase in upper airway dilatory activity of the GG being caused during N3 by increased reflex inspiratory drive, particularly drive from negative airway pressure. However, the contribution of CO 2 in activating GG was less compelling. This may have been because the increase in PET CO 2 from stage N2 to stage N3 was small. Nevertheless, the magnitude of the change was consistent with the increase observed by McSharry et al. (21) and was broadly consistent with other studies that have shown a positive effect of CO 2 on GG during sleep in the supine position (17) . Although increases in PET CO 2 only correlated significantly with increases in GG when transitions were used as replica- tions, the correlation over subjects showed a very strong trend and accounted for a greater proportion of the variance than the correlation over transitions. Although the correlation analysis showed a strong positive relationship between respiratory stimuli, particularly negative airway pressure, the analysis also indicated that 54% of the variance was unaccounted for. Thus, the present finding does not exclude the existence of a separate central, state-dependent, excitatory or inhibitory drive that could be concurrently activated during the state of deep SWS, particularly in other populations such as OSA patients, or under different experimental conditions. However, our present data suggest that in this sample of healthy subjects, the magnitude of such a hypothetical central drive acting on GG muscle output, if present, was overridden by effects that are likely reflexes in nature. Consistent with this interpretation, our concurrent measurements of the changes in activity of the TP muscle did not reveal any distinct activating effect of stage N3 when compared with stage N2 of NREM sleep and correlation analysis did not yield any significant relationships between any of the respiratory parameters and changes in TP activity. Hence, the excitatory drive that we detected during N3 stage of NREM sleep and found positively correlated with other measures of inspiratory drive was detected only in the upper airway muscle, which is known for its relatively strong dependence on inspiratory drive (32, 33) .
In addition to the correlational data, compound spike density decreased slightly in TP, whereas GG activity increased, and TP single motor units tended to derecruit over the N2 to N3 transition, whereas GG motor units were recruited. Thus, collectively, our data suggest that, whereas GG activity increases as NREM sleep progresses, TP activity does not. This difference can be explained on the basis of different magnitudes of central inspiratory drives that control these two muscles (32, 33) . The fact that TP activity tended to decrease during the transition from stage N2 to N3 suggests that the reduction in excitatory influences on TP that are prominent at sleep onset continue into deep SWS, and this effect was not reflexively reversed by increased upper airway negative pressure and the small increases in PET CO 2 that occurred during transitions from stage N2 to N3 in the present study. Thus, a possible suppressant effect of deep SWS on TP activity was not observed in GG because it was masked by relatively larger reflex influences that act in the opposite direction.
Our present findings and their interpretation are different from the suggestions of McSharry et al. (21) who, in the absence of a measure of airway pressure, tentatively attributed increases in GG activity during N2 to N3 transitions to a central excitatory drive specific to stage N3 of NREM sleep. In the context of earlier demonstrations that respiratory drive directed to the GG muscle has a more prominent respiratory component than that in the TP muscle (32, 33) , our present comparison of the effects of N2 to N3 transition on GG and TP activities is consistent with a respiratory reflex origin of the N3 state-related increase in the inspiratory activity of GG activity.
Because both negative airway pressure and PET CO 2 tended to increase during the N2 to N3 transitions, it might have been anticipated that changes in the two variables would be positively correlated, although a similar change in the mean sleep stage values for two variables does not require that the individual transition changes for the two variables will be correlated. Indeed, the multiple regression analysis indicated they made independent contributions to the change in GG muscle activity.
Given that changes in respiratory parameters and upper airway muscle activity were studied over relatively graded and modest changes in state occurring within the state of NREM sleep, the changes in both respiratory effort and muscle activity, as presented in Tables 1 and 2 , respectively, are of moderate magnitude and within the range anticipated from a sample of young healthy men (35) . Furthermore, although the current data are correlational, it is reasonable to interpret our GG data as reflective of changes in reflexively driven central respiratory drive on GG activity. In support of this interpretation, the literature indicates that negative airway pressure in particular and CO 2 to a lesser extent stimulate GG upper airway muscle activity in healthy human subjects during sleep (1, 11, 17, 24) . Accordingly, our finding that the increase in GG activity during stage N3 was more marked during inspiration points to the GG activation as being predominantly dependent on changes in reflex inspiratory drive.
It might be argued that airway narrowing, as indicated by increased negative pressure, despite an increase in GG activity, reflected the observation that airway narrowing occurs in the retropalatal airway, an area that is possibly more influenced by TP than GG. However, although the current data indicate that GG activity increases in response to respiratory stimuli, we do not argue that GG is the sole protector of airway patency. Indeed data suggest that muscles of the upper airway need to be coactivated to protect the airway against collapse (10) .
Consistent with the previous report by McSharry et al. (21), we observed an increase in GG activity on transition from N2 to N3 sleep stages. The increase was reflected in two measures: the compound spike density, particularly during inspiration, and recruitment of previously silent GG motor units. Additionally, McSharry et al. (21) identified an increase in the discharge rate of single GG motor units, an effect that was not significant in the current study. The reason for this difference may relate to subtle differences in motor unit samples identified in the two studies. The study by McSharry at al. (21) identified more IP units (15 of 26 units, 58%), whereas in the current study only nine of 29 units (31%) were of the IP type. In the current study, the IP units showed a moderate increase similar in magnitude to the McSharry et al. (21) data, but with the small sample size the increase was not significant. A similar difference between changes in the discharge rate of active motor units and recruitment of new units has also been noted in the responses of upper airway single motor units to hypercapnia (2) .
One difference between this and the earlier study (21) was that subjects' mouths were taped shut in the earlier study, whereas they were unconstrained in this study. However, subjects typically sleep with their mouths closed, and we consider it unlikely that the presence of a SWS-specific drive to GG would be dependent on nasal breathing or on subjects' mouths being taped shut.
The hypothesis of a state-dependent central excitatory drive related to the state of SWS proposed by McSharry et al. (21) was based on their single GG motor unit studies and was consistent with the observation that the frequency of obstructions in OSA patients was lower during SWS than during stage N2 sleep (7, 25, 42) . However, the data of McSharry et al. (21) did not allow for a direct correlation between GG activity and respiratory parameters during transitions from stage N2 to N3. As reasoned above, the current study suggests that elevated GG activity during stage N3 is due at least in part to elevated reflex inspiratory drive during this stage of NREM sleep. Thus overall, our current results do not provide evidence for the presence of a distinct state-dependent drive related specifically to the state of deep NREM sleep (SWS), but they do not definitely exclude this possibility. Indeed, it is possible that a deep NREM sleep-related excitatory drive is included in what we detected in the current study as a drive whose magnitude was separately correlated with the combined magnitudes of changes in minute ventilation, PET CO 2 , and nadir P EPI , and the hypothetical, distinct state-dependent component could not be uncovered due to the lack of an appropriate reference variable. In support of this possibility, in rats, whose upper airways do not have a propensity for collapse during sleep, enhancement of inspiratory activation of the GG occurs as the animals progress into deeper stages of SWS (30) . This enhancement was not associated with respiratory rate changes, which would point to an increased respiratory drive but was associated with reduced EEG power in the ␤-frequency range. These findings suggested that a more detailed analysis of EEG changes during NREM sleep in humans may help uncover how different substages of NREM sleep correlate with the magnitude of the motor output to different upper airway muscles. Such an analysis may reveal additional state-dependent influences on upper airway muscle activity in humans that the present study was not designed to address.
The current study was conducted on healthy young men. Men were chosen because they are known to have greater between-subject variability in sleep-related airway resistance (35), a considerable advantage for a study based on correlational analyses. Healthy men, rather than OSA patients, were chosen because obstructions raise the problem of electrode movements that may disrupt the continuity of the records. It is possible that there are sex-and OSA-related differences in the nature of central and reflex respiratory drives affecting upper airway muscle activity during different stages of NREM sleep that our study was not able to uncover.
Conclusions. The current study has shown that, when compared with the N2 stage of NREM sleep, increases in GG muscle activity during stage N3 sleep are associated with increased reflex respiratory drives secondary to reduced ventilation. In these young healthy subjects we have not found evidence for the presence in GG activity of an additional excitatory drive distinctly related to the state of deep SWS. Furthermore, the activity of TP, which is known to be relatively insensitive to respiratory drive, was unaffected as N3 sleep developed despite the concurrent mild changes in respiratory parameters that pointed to enhanced reflex inspiratory drive. We speculate that the incidence of upper airway obstructions is reduced during stage N3 sleep in OSA patients because of the enhancement of GG dilatory activity reflexively mediated by the respiratory system. Due to the major role of GG in protecting the airway against collapse, its activation may at times be sufficient to oppose the airway-collapsing forces effectively, even in the absence of significant coactivation of other airway dilators whose activity is less dependent on respiratory drive.
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